In the attempt to exploit the potential of the monoecious fiber hemp cv. Futura 75 in new fields besides textile, cosmetics and food industry, its crop-residue given by leaves and inflorescences was subjected to hydrodistillation to obtain the essential oils. These are niche products representing an ideal candidate for the development of natural insecticides for the control and management of mosquito vectors, houseflies and moth pests. After GC-MS analysis highlighting a safe and legal chemical profile (THC in the range 0.004-0.012% dw), the leaf and inflorescence essential oils were investigated for the insecticidal potential against three insect targets: the larvae of Culex quinquefasciatus and Spodoptera littoralis and the adults of Musca domestica. The essential oil from inflorescences, showing (E)-caryophyllene (21.4%), myrcene (11.3%), cannabidiol (CBD, 11.1%), α-pinene (7.8%), terpinolene (7.6%), and α-humulene (7.1%) as the main components, was more effective than leaf oil against these insects, with LD 50 values of 65.8 μg/larva on S. littoralis, 122.1 μg/adult on M. domestica, and LC 50 of 124.5 μl/l on C. quinquefasciatus larvae. The hemp essential oil moderately inhibited the acetylcholinesterase (AChE), which is a target enzyme in pesticide science. Overall, these results shed light on the future application of fiber hemp cropresidue for the development of effective, eco-friendly and sustainable insecticides.
Introduction
Industrial hemp, also known as fiber hemp (Cannabis sativa L., Cannabaceae), is a cosmopolitan crop used for many centuries to produce fiber and seeds (Struik et al. 2000) . Its cultivation worldwide has decreased in the XX century because of the discovery of effects of its psychotropic constituent Δ 9 -tetrahydrocannabinol (THC) (Hall and Solowij 1998) , which led to its unfair discrimination. In Europe, the hemp cultivation is currently allowed for genotypes containing less than 0.2% of THC (EC Regulation 2004) . In these cultivars, nonpsychoactive cannabinoids, such as cannabidiol (CBD) and others occur (Pertwee 2006) . In the next years, the cultivation of industrial hemp is expected to increase thanks to the wide array of applications of its derivatives: e.g., fiber for textile, paper, construction, and automotive industry; leaves for agricultural use; hurts for paper, construction and agriculture; seed derivatives (flour and oil) for food, nutraceutics, cosmetics, varnishes and inks, and as animal feed (Callaway 2004; Novak et al. 2001) , and plant biomass for bioenergy production (Rehman et al. 2013 ). On the above, hemp can be regarded as a multi-use crop (Ranalli and Venturi 2004) .
Hemp possesses secretory structures, namely glandular trichomes, which produce, besides cannabinoids, an essential oil made up of monoterpenes and bitter-tasting sesquiterpenes (Happyana and Kayser 2016) . The whole mixture secreted is viscous and sticky and is used by plant to entrap and/or repel insect pests (Potter 2009 ). Given its capability to resist pests and diseases, hemp can be grown without the use of synthetic pesticides, so that it can be regarded as an eco-friendly crop.
The use of inflorescences and leaves, normally considered as a waste product for fiber industry, to produce essential oils, may be regarded as a complementary strategy to improve the competitiveness of hemp compared with other crops. In this respect, the essential oils from legal hemp cultivars have been little explored for their potential as biopesticide in crop protection or for the control of mosquito and fly vectors. Interestingly, hemp essential oils have shown toxic effects against mosquitoes and snails ( Thomas et al. 2000; Bedini et al. 2016) , as well as antimicrobial (Verma et al. 2014; Fournier et al. 1978 , McPartland 1997 Nissen et al. 2010) , antileishmanial (Wanas et al. 2016) , nematicidal (Mukhtar et al. 2013) , and allelopathic (Pate 1994; McPartland 1997) properties.
Overall, the huge utilization of synthetic insecticides for crop protection and control of mosquito-borne diseases has hitherto led to several environmental and health concerns (Benelli 2016a, b; Naqqash et al. 2016) . Therefore, there is a growing demand for eco-friendly, safe, target specific and degradable products Benelli 2017a Benelli , 2018 In this respect, the hemp essential oil appears to be an ideal candidate for the development of natural insecticides for the control and management of mosquito vectors, houseflies, and moth pests (Benelli 2015b; Pavela 2015; Pavela and Benelli 2016a, b; Isman 2006) . Furthermore, being natural mixtures of compounds with multi-target actions, they rarely promote insect resistance and are not harmful on nontarget organisms (Benelli 2015a; Shah et al. 2015; Naqqash et al. 2016) .
In the present work, we paid our attention on the cropresidue from hemp cv. Futura 75 as a potential source of botanical insecticides. Futura 75 is cultivar of French origin with a low-THC content (< 0.2%). It is characterized by monoecious plants mainly utilized to produce seeds and fiber (Amaducci 1969) . With respect to other cultivars such as Carmagnola, Kompolti, Felina, and Fedora, Futura 75 is a late crop, thus being more suitable to be cultivated in mountainous regions. In some cases, this cultivar has been evaluated as more productive than Carmagnola and CS in the production of total fiber (Del Gatto et al. 2001) .
Taking into consideration that fiber hemp essential oil can be a niche product appealing for different kinds of consumers (Bertoli et al. 2010) , in this work, we explored the insecticidal potential of essential oils obtained from hemp crop-residues, such as leaves and inflorescences, against three insect targets, namely larvae of Culex quinquefasciatus Say and Spodoptera littoralis (Boisd.), and adults of Musca domestica L. For comparative purposes, the methanolic extracts obtained from the same parts were also evaluated.
Culex quinquefasciatus (Diptera: Culicidae) is an important vector of protozoan, viral, parasitic, and helmintic diseases, and its vector activity -as widely recognized also for other mosquito species -represents an important factor increasing disease burden, death, poverty, and social debility in tropical countries Vadivalagan et al. 2017) . Currently, one of the tools to limit the mosquito adult populations in urban areas is to target the larval stages in their breeding sites with larvicides, while the same is not recomended for rural areas (WHO 2012; Benelli and Beier 2017) . Musca domestica (Diptera: Muscidae), also known as housefly, is a disagreeable insect transmitting pathogens that cause more than 100 diseases in humans and animals (WHO 1991) .
Spodoptera littoralis (Lepidoptera: Noctuidae), also known as tobacco cutworm, is one of the most dangerous and destructive pests in sub-tropical and tropical regions, where it feeds on at least 87 species of economic importance such as cotton, potatoes, maize, horticultural crops, and ornamental plants (Baldwin and Graves 1991; EPPO, 1990) . Due to international transport of ornamental plants and vegetables, this pest is also threatening crops in temperate regions (OEPP/EPPO 2015) .
Besides the insecticidal effects, we also evaluated the inhibitory activity exerted by the hemp essential oil on acetylcholinesterase (AChE), which is a target enzyme in insecticide science, as well as its antioxidant capacity as a measure of the preservative properties to exploit in an insecticide formulation.
Material and methods

Plant material
Fiber hemp (C. sativa) leaves and inflorescences, belonging to monoecious Futura 75 genotype (certified by Assocanapa, Coordinamento Nazionale per la Canapicoltura, Italy, http:// www.assocanapa.org/chi.htm), were harvested by hand in a field sited in Fiuminata (central Italy, N 43°11′03.27″, E 12°56′00.75″, 451 m a.s.l.) on 23th August 2016. According to literature data, the collection was performed between flowering and seed maturity (~50-70% of seeds matured) when essential oil yield has been proved to be higher (Christoph and Mediavilla 1998) . The plants were botanically confirmed by one of us (F. Maggi) and a voucher specimen was deposited in the Herbarium Universitatis Camerinensis (CAME, included in the online edition of Index Herbariorum c/o School of Biosciences and Veterinary Medicine, University of Camerino, Italy) under the code CAME 27834 and archived online in the anArchive system for Botanical Data (http://www.anarchive.it). Just after its collection, the hemp plant material was dried in the shade at room temperature for 1 week.
Isolation of essential oil
Leaves (349 g) and upper 20 cm of the inflorescences including bracts and leaflets (412 g) were used to distil the hemp essential oils using a Clevenger-type apparatus for 3 h. Once obtained, the C. sativa essential oils, of pronounced odor, were dried using anhydrous Na 2 SO 4 , transferred into dark vials sealed with Teflon septa, and kept at 4°C until chemical analysis and biological experiments. The C. sativa oil yields (%, w/w) were determined on a dry weight basis.
Preparation of methanolic extracts
Leaves (32 g) and inflorescences (37 g) were reduced into small pieces then inserted in a 2-l flask and extracted with 800 and 700 ml of methanol (Carlo Erba, Milan, Italy), respectively, by magnetic stirring at room temperature for 24 h. The crude extracts were concentrated under vacuum using a rotary evaporator at~35°C, then frieze-dried up to a constant weight of 3.34 g (yield, 10.5%) and 2.83 g (yield, 7.7%), respectively.
GC-MS analysis
Separation and analysis of fiber hemp oil volatile components were achieved on an Agilent 6890N gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) coupled to a 5973N mass spectrometer.
The settings for the MS were as follows: EI mode, 70 eV, mass to charge ratio (m/z) scan between 29 and 400. A HP-5 MS capillary column (30 m × ID 0.25 mm × 0.1 μm film thickness, J & W Scientific, Folsom, CA, USA) using helium gas flow (1.0 ml/min) was used for separation. The GC temperature program was as follows: initial 60°C for 5 min, then increasing with 4°C/min to 220°C and then with 11°C/min to 280°C and held for 15 min (total run time, 67.29 min). Dilution 1:10 of C. sativa essential oils in n-hexane was injected (2 μl) into the GC-MS system with a 1:50 split ratio. Monoterpene and sesquiterpene peaks were assigned, whenever possible, by direct comparison with authentic standard purchased from Sigma-Aldrich (Milan, Italy) (see Table 1 ). On the other hand, their identity was confirmed by comparing their mass spectra and temperature-programmed retention indices (using a mixture of n-alkanes from Supelco, Bellefonte, CA, USA) against those stored in ADAMS, NIST 08, and FFNSC2 libraries (Adams 2007 , NIST 08 2008 , FFNSC 2 2012 .
Cannabidiol (CBD) peak was identified by comparison with that of analytical standard purchased from SigmaAldrich. Identification of Δ 9 -tetrahydrocannabinol (TCH) was made by comparison of MS with respect to that reported by Thalhamer et al. (2017) , as well as by consistency of the calculated RI values with respect to that reported by Novak and Franz (2003) . Quantitative values of fiber hemp volatiles were taken by peak area normalization considering the same response factor for all volatile components. Percentage values were the means of three independent analyses.
Toxicity assays on Culex quinquefasciatus
Culex quinquefasciatus were reared following the method by Benelli et al. (2017a, b) . The hemp essential oils and extracts were diluted in dimethyl sulfoxide to prepare a serial dilution of the test concentrations. Larvicidal tests were done according to WHO (1996) standard procedures with slight modifications . Concentrations from 30 to 500 μl/l were tested; 4 duplicate trials (100 larvae per single replication) were carried out for every sample concentration, and for each trial, a negative control was included, using distilled water containing the same amount of dimethyl sulfoxide as the test sample. A different series of concentrations (resulting from the previous screening) was used for each C. sativa essential oil to obtain mortality ranging between 10 and 90%. At least 5 concentrations were selected for the calculation of lethal doses. Mosquito mortality was determined after 24 h of exposure (16:8 (L:D), 25 ± 1°C).
Toxicity assays on Spodoptera littoralis
Mortality after 24 h of exposure was determined by topical application to early 3 rd instar larvae of S. littoralis (weight: 20-25 mg/larva), obtained from an established laboratory colony (> 20 generations; out-crossed once). The larvae fed on an artificial insect diet (Stonefly Industries, Bryan, TX, USA) were reared at 25 ± 1°C, with 16:8 (L:D) photoperiod. The application was performed according to the method described by Pavela et al. (2016) ; the hemp essential oils and extracts were dissolved in acetone as a carrier, and each larva received 1 μl of the solution per treatment; 8 doses from 30 to 500 μg/ larvae were applied to the larvae. Acetone was used as control. The hemp essential oils and extracts were applied to the dorsum of each larva's body using a repeating topical dispenser attached to 100-μl syringes. All treated larvae from each replicate were transferred for 24 h in plastic boxes (12 × 12 × 6 cm, 16:8 (L:D), 24 ± 1°C), which were closed using perforated caps to make sure that the experiment was not affected by the fumigation effect by acetone, C. sativa essential oils, or extracts. Then, moth mortality was recorded; 4 replications of 10 larvae were tested per dose. 
Toxicity assays on Musca domestica
Musca domestica adults were obtained from the laboratory colony (> 20 generations; out-crossed once). The larvae were reared on a diet composed of dry milk, yeast, and wood shavings. The adults were divided according to their sex immediately after their birth to avoid mating and dry milk and 10% (w/v) sugar solution were used to feed them. Adult females, 2-5 days old, were tested. The C. sativa essential oil solutions and the extracts were prepared; 7 different doses from 50 to 500 μl/adults were applied identically to the method described in the previous section BToxicity assays on Spodoptera littoralis^with the difference that the adults were anesthetized using CO 2 before application. After application, the adults were placed for 24 h in plastic permeable boxes (8 × 10 × 6 cm; 16:8 (L:D), 24 ± 1°C) and only sugar water was administered after waking up from anesthesia , then fly mortality was recorded. Four replications of 20 adults were tested per each dose.
Antioxidant assays
The antioxidant activity of hemp essential oil and CBD was measured with different radical generating systems as DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), and FRAP assay (ferric reducing antioxidant power). The three assays were conducted on 96-well microplate following Morshedloo et al. (2017) . The ability of hemp essential oil and CBD to scavenge the different radicals was compared to Trolox, used as reference substance. Results were expressed as tocopherol-equivalent antioxidant capacity mmol TE/g of product. Each experiment was repeated three times.
Assay for acetyl cholinesterase inhibitory activity
Inhibition of acetyl cholinesterase activity of fiber hemp essential oil and CBD was measured by micro-plate assay with an adapted version of the Ellmann assay (Pereira et al. 2009 ). Briefly, in each well of the microplate, 50 μl of 50 mM phosphate buffer pH 8, 125 μl dithionitrobenzoic acid (DTNB, 3 mM in 50 mM phosphate buffer pH 8), and 25 μl of acetylcholinesterase (AChE from electric eel, 3 U/ml in 50 mM phosphate buffer pH 8) were added to each well containing aliquots of hemp essential oil or CBD diluted in methanol and incubated for 15 min at 25°C. After incubation, 25 μl of acetylthiocholine iodide (ACTI, 15 mM in 50 mM phosphate buffer pH 7.0) was added as a substrate, and AChE activity was determined from the absorbance changes at 412 nm for 3.0 min at 25°C using a Fluostar Omega (BMG-Labtech) plate reader. The concentration of the hemp essential oil or CBD which caused 50% inhibition of the AChE activity (IC 50 ) was calculated via nonlinear regression analysis. Galantamine was used as positive control. The values of IC 50 were calculated from dose-response curves by performing three independent assays, in triplicate data.
Results as galantamine-equivalent inhibition capacity (GEIC) were expressed as mg of galantamine equivalents (GE)/g.
Data analysis
Insect toxicity assays demonstrated that more than 20% of the control mortality was discharged and repeated. When the controlled mortality reached 1-20%, the observed mortality was corrected by the Abbott's formula (Abbott 1925 ) and an LC 50 , LC 90 regression equation, and a 95% confidence limit was calculated using probit analysis (Finney 1971) . Chi square values were not significant (P > 0.05) (Benelli 2017b ).
Results and discussion
Hemp oil composition
Hydrodistillation of dry leaves and inflorescences of fiber hemp (C. sativa cv. Futura 75) allowed to obtain different oil yields, with the latter (0.3%) richer than the former (0.1%) because of the higher density of glandular hairs on the bracts and leaflets surrounding the inflorescences (Hemphill et al. 1980) . These values agreed with that previously reported for the same (Nissen et al. 2010 ) and other cultivars (Bertoli et al. 2010) . In this study, a total of 82 volatile components were identified in the hemp essential oils obtained from leaves and inflorescences of cv. Futura 75, accounting for 91.3-98.1% of the total compositions (Table 1 ). The two chemical profiles obtained were qualitatively similar, however, showing significant quantitative differences. The essential oil obtained from leaves of C. sativa cv. Futura 75 was strongly characterized by sesquiterpenoids (75.0%, 28 identified compounds), with hydrocarbons (52.5%, 10 identified compounds) prevailing over oxygenated compounds (22.5%, 10 identified compounds). (E)-caryophyllene (26.1%) and α-humulene (8.9%) and caryophyllene oxide (10.5%) were the most abundant comp ou n ds , r e s p e ct i ve l y. C a nn ab i n o i d s , w h i c h ar e meroterpenoids metabolites characteristic of C. sativa, accounted for 10.2% of the oil, with CBD (10.0%) as the predominant compound. We detected also THC at trace level (0.04% corresponding approximately to 0.004% dw) and cannabichromene (CBC) (0.2%). Monoterpenoids were poorly present in leaf oil of C. sativa cv. Futura 75, with α-pinene (2.0%) and myrcene (0.9%), β-pinene (0.7%), and limonene (0.7%) as the most abundant compounds among hydrocarbons (5.1%).
The essential oil obtained from C. sativa cv. Futura 75 hermaphrodite inflorescences (Fig. 1) showed sesquiterpene hydrocarbons (41.5%, 28 identified compounds) as the major fraction, higher amounts of monoterpene hydrocarbons (37.3%, 16 identified compounds), and lower content of oxygenated sesquiterpenes (6.2%, 11 identified compounds) than that obtained from hemp leaves. Among the former, (E)-caryophyllene (21.4%) and α-humulene (7.1%) were the predominant compounds. On the other hand, myrcene (11.3%), α-pinene (7.8%), terpinolene (7.6%), (E)-β-ocimene (3.9%), and β-pinene (2.9%) were the most representative compounds among monoterpene hydrocarbons, and caryophyllene oxide (3.0%) among oxygenated sesquiterpenes. Likewise, cannabinoids occurred at similar percentages (11.4%) compared with those occurring in leaves, being mostly represented by CBD (11.1%) (Fig. 1) . Lastly, THC was detected at trace level (0.04% corresponding approximately to 0.012% dw).
Considering the terpenoid fraction, our results are qualitatively comparable with those reported by Nissen et al. (2010) and Mediavilla and Steinemann (1997) , who found myrcene (20.8%), α-pinene (16.4%), (E)-caryophyllene (12.8%), terpinolene (10.7%), (E)-β-ocimene (4.8%) and α-humulene (4.8%), and myrcene (48.6%), (E)-caryophyllene (14.6%), terpinolene (14.2%) and α-pinene (10.3%) as the major volatile constituents in the essential oil from inflorescences of the C. sativa cv. Futura 75, respectively. On the other hand, a similar chemical profile with predominance of sesquiterpenes such as (E)-caryophyllene (37.0%) and humulene (9.4%) was determined by Hendriks et al. (1975) .
With respect to these previous studies, two great differences could be noticed in our work. First, our sample showed significantly higher content of sesquiterpenoids (47.7 vs 28.7%, respectively) and lower level of monoterpenoids (37.9 vs 67.0%, respectively). One possible reason is that drying fresh inflorescences, like in our case, may result in significantly greater loss of monoterpenes than sesquiterpenes (Ross and ElSohly 1996) . Another noteworthy difference is that in the cited study, authors did not detect all cannabinoids like CBD. Previously, this non-psychoactive compound was detected at similar levels in two populations of C. sativa subsp. spontanea growing wild in Austria (Novak and Franz 2003) and in several cultivars (e.g., Carmagnola, C.S., Red Petiole, Codimono and Felina 34) grown in central Italy (Bertoli et al. 2010 ). However, it has been reported that the presence and amounts of cannabinoids in hemp essential oil depend on period of harvesting, state of plant material to be processed, and distillation conditions (Malingré et al. 1975; Malingré et al. 1973; Novak et al. 2001; Calzolari et al. 2017) . Also, the field environmental conditions and climatic stress may strongly influence the chemical profile of hemp essential oil (Pavela and Benelli 2016b) .
Toxicity against insect pests and vectors
The results of acute toxicity assays testing the leaf and inflorescence essential oils obtained from C. sativa var. Futura 75 against larvae of S. littoralis and C. quinquefasciatus and adults of M. domestica are reported in Table 2 . In the toxicity experiments conducted on C. quinquefasciatus larvae, the LC 50 values were 152.3 and 124.5 μl/l for the leaf and inflorescence essential oil, respectively. Insecticidal experiments carried out on S. littoralis larvae showed LD 50 values of 112.8 and 65.8 μg/larva for the leaf and inflorescence essential Furthermore, the methanolic extracts of C. sativa, which are known to contain flavonoids such as cannaflavins besides the more lipophilic cannabinoids (Calzolari et al. 2017) , did not show relevant toxicity against the three targeted insect species; the LD 50 values were > 500 μg/insect for both S. littoralis and M. domestica, while the LC 50 estimated against C. quinquefasciatus larvae was > 500 μg/l. This may be explained by the poorness of methanolic extracts in monoterpenoids and sesquiterpenoids compared with cannabinoids and phenolic compounds (ElSohly and Gul 2014), with the latter exhibiting negligible effects on insects. At variance with our results, Jalees et al. (1993) reported that hemp ethanolic extract at 4.0% induced complete larval mortality in Anopheles stephensi Liston, Aedes aegypti L., and C. quinquefasciatus within 24 h of exposure.
The control of mosquito vectors of public health relevance is timely and important nowadays (Benelli and Romano 2017) . To the best of our knowledge, research on the insecticidal properties of hemp essential oils is limited. Earlier, it has been showed that an essential oil extracted from C. sativa from India achieved LC 50 values of 0.0101, 0.026, 0.0273, and 0.0453 ml/l against larvae of C. tritaeniorhynchus, Anopheles stephensi Liston, Aedes aegypti L., and C. quinquefasciatus, respectively (Thomas et al. 2000) . Later, Bedini et al. (2016) tested the toxicity of C. sativa essential oil from plants cultivated in Italy against larvae of Aedes albopictus (Skuse) and the non-target mayfly Cloeon dipterum L. (Ephemeroptera: Baetidae), showing LC 50 of 301.56 and 282.17 μl/l. If compared with the latter result, the hemp essential oils tested in the present study offer a higher efficacy against young instars of mosquito vectors, with special reference to the robust larvae of the filariasis vector C. quinquefasciatus that often show higher LC 50 values, if compared with Anopheles and Aedes larvae (see reviews by Benelli 2015b and Benelli 2016a) .
Upon comparing our estimated lethal concentrations or doses with the results of other authors, we must note that although our tested essential oils did not show an outstanding efficacy, that from hemp inflorescences did show an efficacy comparable, at the minimum, with other essential oils, and even better in some cases than some essential oils generally considered as offering good prospects for the development of botanical insecticides. For example, LC 90 values against mosquito larvae were estimated as approximately 200 μl/l for essential oils obtained from Cunninghamia konishi Hayata (Cheng et al. 2013) , Eucalyptus citriodora Hook. (Vera et al. 2014) , or Zanthoxylum armatum DC. (Tiwary et al., 2007) , and these essential oils are therefore considered as highly promising for the development of botanical larvicides (Pavela 2015) . The essential oil obtained from hemp inflorescences showed the same efficacy against M. domestica adults as, for example, eugenol, and its efficacy was even significantly higher than that of p-cymene, γ-terpinene, and 1,8-cineole, whose LD 50 values were estimated as 282, 248, and 365 μg/ adult, respectively (Pavela 2008 ). Both of our tested essential oils showed better efficacy against S. littoralis larvae and M. domestica adults than those obtained from Foeniculum vulgare Mill. , which is already used in the production of botanical pesticides (Pavela 2016) . Based on these facts, the essential oils from C. sativa inflorescences can be considered as offering good prospects for the development of botanical insecticides.
Antioxidant activity
The antioxidant power of fiber hemp essential oil was evaluated to determine its usefulness as an enhancer of the insecticide shelf-life. For comparative purposes, the antioxidant activity of CBD was also measured. Our results showed that CBD was a strong antioxidant when tested in all the three assays (Table 3) . ABTS assay showed a radical scavenging activity of CBD (IC 50 = 2.0 μg/ml) comparable with that reported for Trolox (IC 50 = 2.5 μg/ml) used as control. On the other hand, a lower interaction was observed towards the DPPH radical that in our experimental conditions was 50 times lower than that of the positive control. Good antioxidant activity was also observed for the hemp essential oil. In the ABTS assay, the essential oil (IC 50 = 32.4 μg/ml) showed an activity only 13 times weaker than that of Trolox whereas a lower capacity to scavenge the DPPH radical (about 225 lower than that of Trolox) was observed. Both C. sativa cv. Futura 75 essential oil (TEAC = 12.9 μmol TE/g) and pure CBD (TEAC = 10.8 μmol TE/g) showed moderate and comparable reducing antioxidant power evaluated by the FRAP assay (Table 3 ). Based on composition data given in Table 1 , the presence of CBD (~10%) seems to contribute significantly to the overall antioxidant activity of hemp essential oil although complex interactions between the different oil components including other cannabinoids and sesquiterpenes may occur leading to a decrease of the total antioxidant power compared with the pure CBD. Currently, cannabinoids represent the most studied group of compounds occurring in C. sativa mainly due to their wide range of pharmacological effects in humans, including psychotropic activities. Antioxidative properties of cannabinoids, notably CBD and THC, have been previously reported (Borges et al. 2013; Hampson et al. 1998) and rely on the fact that their cation free radicals show several resonance structures, which are responsible for the free-radical stabilization (Borges et al. 2013) . CBD and THC were also shown to prevent hydroperoxide-induced oxidative damage as well as or better than other antioxidants (Hampson et al. 1998) . The mild antioxidant potential exhibited by the fiber hemp essential oil may thus support its incorporation in insecticidal formulations to preserve and extend the shelf-life of the product.
AChE inhibitory properties
The abilities of C. sativa cv. Futura 75 essential oil and CBD to inhibit the activity of AChE were measured and compared with the inhibitory power of galantamine (Table 4) . Results showed that CBD did not inhibit the enzyme whereas a low inhibitory activity was observed for the hemp essential oil (IC 50 = 4.0 mg/ml) that was about 421 times lower than that of galantamine (IC 50 = 9.5 · 10 −3 mg/ml). Hemp essential oil contains, besides cannabinoids, several monoterpenes, and among these, α-pinene, a bicyclic monoterpene, has been reported to be an AChE inhibitor (Perry et al. 2000) . In addition, also its isomer β-pinene and terpinolene, both occurring in the inflorescence essential oil (Table 1) , have been described as AChE inhibitors (Choi et al. 2006 ). Among sesquiterpenes, (E)-caryophyllene and α-humulene have shown an inhibitory activity towards AChE (Miyazawa et al., 2016; Jyotshna et al. 2015) . In conclusion, the whole effect observed on the AChE depends on the complex interactions occurring among the various constituents occurring in hemp oil. By the way, it seems unlikely whether the insecticidal effects observed for hemp essential oil would be related to the AChE inhibition. Rather, interactions with other insect targets such as octapamine and GABA receptors should be considered in further research.
Conclusions
Overall, in the present work, the potential of the crop-residue from fiber hemp cv. Futura 75 as a source of botanical insecticides was investigated. Particularly, the crop-residue given by the hermaphrodite inflorescences obtained during fiber processing or before seed collection contains an effective, eco-friendly, biodegradable, safe and legal (regarding the content of THC) essential oil, which can be incorporated in insecticidal formulations to control mosquitoes, flies, and agricultural pests. The additional exploitation of the hemp cv. Futura 75 derivatives for the control of insects may improve the cultivation of this multi-use crop in mountainous and backward regions of central Italy. -GEIC galantamine-equivalent inhibition capacity
